T he - Full Mottness

English physicist who worked on semiconducting properties of glassy substances with Philip
Anderson. He shared the 1977 Nobel prize in physics with Philip_Anderson and vamyiesko0 !
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doped Mott insulators
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A Critique of Two Metals

E. B. Laughlin
Dreparirment o Physics

Stanford University
Btamford, California 34305
(Septembar 18, 2001)

I argue that Anderson's identification of the conflict between the fermi-liquid and non-fermi-bgquid
metallic states as the central issue of coprate superconductivity is fundamentally wrong. All ex-
perimental gvidence points to adiabatic continuability of the strange metal into a conventional one,
and thus to cme melallic phase rather than two, and all sltempis b0 accont thearetically for the
existence of a lutlinger-liquid at zero temperature in spatial dimension greaier than 1 have fadled.
I discuss tlee urderlying reasons for this fallore and then argue thal e trse higher-dimensional
generalization of the lottinger-liguid behavior is & propensivy of the system 1o arder, This implies
that the central issue is actually the conflict between different kinds of order, e, exactly the idea
amplecit in Zhaag's pagcr, | then spoculate aboul haw the conllict bolween antilsrromagnetiam
and superconductivily, Lhe Lwo principal kinds of order in this prolldem, miglt resalt in Lol e
absarved pero-Les poralure phase diagram of the cuprates and the lutiGiger-logeid phensmncology,
e Uhe brealoap of the electran into spinons sisd halons jn certabn roginees of dophing and enengy.
The kay wdea s & gquantum critical point regulating a frsi-arder Lraamiton betveen Uese plises,
and Lowarsl which one is first attracied under repormalization hefore hiforcaring bevwern ihe iwo
phases. | speoulate that this critical point lics on the insulating e, and st the Jifference between
the Mott-imsnlator and fermi-Bguid approsdes Lo the Ligh-T, proldemn conns dawn Lo wlwtler o
nol the superconducling stales made by n- and p-type doping can be contimpsd oo ey ol
A candsdale for the second fimed poinl required far distien superoonsdiing plinees i e 1 anal
T-wialaLing chiral spin Bguid sate invented by me.

PACE inam e 'i'i'lﬂ.l"'m. T4.25 Drwe, 742000 R

‘The antiferromagnelic and superconducting phases
each derive, according Lo Baskaran and Anderson, fram
a more fundamental thermodynamic phase, the Mott in-
sulatar and the metal, respectively. Let me for & moment
defer the question of which metallicstale is intended here
and concentrate on the existence of the Mott insulator, a

paramagnetic spin singlel with an energy gap for charged

jon of the

Mudm&amuw = essential
here because everything conducts a little at finite tem-
_ perature - and dimension greater than 1. Probably the

Mms_cmm&ﬂ%" which produced
a skate with a spin gap and discrete broken symmetries
at the price of long-range interactions, and which had
& phenomenclogy inconsistent with that of the cuprates.
Anderson’s views to the conlrary, this matters a great
deal because one's inability to back up phenemenclogical
observations with a simple model that is casy to zolve and
makes sense usually means that an important physical
ides g either missing or unpmpﬂir undmud Anoiber
mdmhr that something is i

i-\.lI“;.\l 1

example, are vague analogues
al the valence and mnducunn banda of a semiconduc-
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A Critique of “A Critique of Two Metals”

Philip W. Anderson and G. Baskaran
Joseply Henry Laboralories of Physics
Princeton University, Princeton, NJ 083§

The “Critique” [1] contains in its first few paragraphs an elegant, if somewhat incorrect,
statement of Lthe issues between us and the school which believes, almost religiously, in the
quantum critical point as the solution to all sur woes in the cuprates,

The fundamental argument iz presented in the second paragraph: “Ten vears of work
by some of the best minds in theoretical physics have Tailed 1o produce any formal demon-
stration”. .. of the Mott insulating state. The statement would be ludicrous if it were not

s0_influential. The proviso “al zero temperature” is added, because of course most Mokt
insulators order magnetically at some finite, if often low, Ltemperature; the Mottt insulabor
is not a zero-temperature fixed point, in general. Neither, for that matter, is the Fermi
liquid. But one does not need a formal demonstration—although | believe | provided that,
if after Mott’s original papers that was necessary, in my 1959 paper. The world, if one lifts
one's eyes from the computer screen, is full of examples, and | believe that ane concrete,
material example is worth a million hours of computer time. Two which are very relevant
to the case in point are CuSO, - 555, or blue vitriol 1o our ancestors; and CuCly - 2Hy0.

Both are examples of Cu'**) and are not only insulating but transparent with a beautiful
blue color, at all reasonable temperatures—they deliquesce if you get them too hot. The
chloride was an elegant demonstration case for antiferromagnetic spin waves below its He-
temperature Neél point; the sulphate was an early subject of adiabatic demag studies by
Laughlin’s colleague T. Geballe, and as far as I know wdﬂm to very low
temperatures. Some other less perfect cases are very important to us—hemoglobin, which
in its liquid form is familiar to all of us; and the three or four oxides of iron—rust, which ie
mostly goethite; hematite, of which there are happily mountains; and magnetite, known to

the ancients on both continents and just to show that the ground state doesn't always turn

out nutifemm:ﬁncf.ic-

As [ think Laughlin must know, the Mott insulator is a form of quantum solid, and the
melting transition in He3 is our best example of a Mott transition. Our objection to trying
to fit cuprates into a quantum eritical point scenario in the way that Zhang does becomes
obvious when one tries to do the same with p-wave superconductivity and antiferromagnetic
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VoLUME 53, NUMBER 24 PHYSICAL REVIEW LETTERS 10 DECEMBER. 1984

Magnitude and Origin of the Band Gap in NiO

G. A. Sawatzky'® and J. W, Allen
Xerox Palo Alto Research Center, Palo Alto, California 94304
(Received 5 July 1984)

T= 100"9

L] 1 L] 'I L | 1 I I L]
XPs BIS
£ .
| =
=
=L -
= .
.-E B 'J-Il .._ ot d13 ‘v-'h =
-\E- . -
B | -
=z [ .
Ly B LY
= L =
= L
— e
. |- ." & 'ﬁ'u_,.—
i | i L | 1 il | L
| =B o B

I ENERGY ABOVE E leV)

| FIG. 1. XPS and BIS spectra of NiQ showing the 4.3-
eV band gap. Both were collected with a photon energy
_of 1486.6 eV,
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MORMALIZED FLUORESCENCE YIELD

1
530 532
PHOTOMN ENERGY (eV)

FIG. 1. (2) Mormalized fluorescence yield at the & K cdge
of Lag—.5r,Culess The solid curves are the common back-
ground described in the text. {b) The diffcrence between the
data of Laj—.Sr,CuQs and the common background. The
solid lines are the fitted curves using two Gaussian line shapes.
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Hubbard Model

A

\t\: T+G=ﬂm+ﬁﬂ

invergekion: V= U Zngh; = R

L

dowble
0 ccuPancy

ferturbation: | petic

energy
()




1
4
29
)

1

A
e, .
AE = —I—; |
\
3] _E”\q_ )
ANE =




low-energy  theory

\/
Preserie # Of
doubly 0cluPied sites

|

climinate TUT_l
i
_@sHéS :/‘{ ?LL/V




erve
Pres

) Z )
O -

( T

I AR

hu??in.?

PeoCcesses

M exhods
0
T

———

= t ﬂs
1\
Sl
L)

heory
- rbotion +

v

Yer

L)



both
F fail |



cnumerote oul

thot PreSeYve
# OoF )






LT

v Closec ook

At=U AE=L

()T T LR



nfrermediote

S5totes

&












contains



What Went
wronﬂﬂ,z






(L

S

S QYbitrary



g
T

’B i
rillowin
Wignev
Per
t. theor
4

- f(5,E
)
j

eroate



nigher Order (BW)

\V
Crea+e. L double

occurancies

l T 1 « N

vV
W

Not allowed— TTiTT



(T + (TTY

No Wick's

theorem

W) ; 2
HEF{( 01y *_' )4: N



n

—>
{..--— O

E~ N

This 18
No%
q00d!



el ey
{%urba%
heovy ¥ .
o n
failh v

V

s
ETHOHC
avery ||






Mottn ess

N

AsYymPtotic
Slavevr ¥

=7 No \ow-energuy
theory



Why

Mytual  Exclusion
Statistics



ch&a fermions

Ady =
— : ﬂ&»,l, =L

‘—'d =7 S e
Ay=dy, & —> B -
Nq:‘- 3 ﬁ T
N\‘r=3 vV

= Sp
7 b



MOttNness




Pawli Principle

geneyalised
( Haldone)

ﬂdd e %:, ‘j,ﬂp AN,

|

AQvai\oble N AfPar+icle

S*O-T&S) me?’fﬁﬁ LM beA)

o



C XCHLSP\DYL Staxistics

v |
S%ronqr
- electron
correlation



LagesCagssMnO, YBa,Cu;0, ;5

—"
metal

conyentional
metal?



MOTTNESS
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